Authority introduced peak-offpeak toll differentials on four bridges and two tunnels (unlike the HOT lanes, which require users to opt in, the congestion pricing application for the bridges and tunnels affects all traffic), which produced a significant shifting of vehicles from the peak to the off-peak period (1). Other congestion pricing projects in the United States can be found on FHWA's website (2) and in FHWA's congestion pricing primer (3).
applications of congestion pricing. In the New York City metropolitan area, the New York-New Jersey Port Authority introduced peak-offpeak toll differentials on four bridges and two tunnels (unlike the HOT lanes, which require users to opt in, the congestion pricing application for the bridges and tunnels affects all traffic), which produced a significant shifting of vehicles from the peak to the off-peak period (1) . Other congestion pricing projects in the United States can be found on FHWA's website (2) and in FHWA's congestion pricing primer (3) .
Possible applications of congestion pricing on the San FranciscoOakland Bay Bridge have been extensively studied since 1990. A study conducted by the Metropolitan Transportation Commission (the metropolitan planning organization for the nine-county San Francisco Bay Area) considered the potential for applying congestion pricing on the Bay Bridge, including the effects of various tolling schemes, congestion pricing's impact on parallel transit facilities, and the public's perception of congestion pricing in the mid-1990s. This study found that a $2.00 increase over the existing toll would net a decrease of vehicle delay for westbound (toll-direction) traffic of 40% in the a.m. peak period and 47% in the p.m. peak period (4, 5) .
In July 2010, the Bay Area Toll Authority (BATA) increased tolls on the San Francisco-Oakland Bay Bridge from a flat toll collected westbound only to weekday peak and off-peak tolls. Tolls on six other BATA-managed bridges were increased by $1 without any time-of-day differential. In addition, BATA approved toll increases for multiaxle vehicles that recently took effect in July 2011. The toll schedule for the Bay Bridge is given in Table 1 .
The toll increases were implemented to fund seismic safety projects, but the Bay Bridge toll also serves as a form of congestion pricing: the differential toll can have the additional effects of altering travel behavior and traffic volumes by time of day, mode of travel, vehicle occupancy level, route used, and destination chosen.
Before July 2010, peak-period carpools of three or more occupants travelled toll-free through designated carpool lanes on either side of the toll plaza, where they also received priority treatment. However, with the recent toll increase, these carpools must now pay a toll and must use FasTrak, an electronic toll tag, and pass through the designated carpool lanes to get the carpool discount toll of $2.50.
Forecasts prepared by BATA's consultants before the toll increases predicted that between ½% and 3% of the peak-period trips would shift out of the a.m. peak to take advantage of the lower off-peak toll and that ½% to 2% would shift out of the p.m. peak (6, 7) . Data on Bay Bridge toll payments after the toll increase indicate that total bridge crossings have slightly increased, whereas peak-period bridge crossings have decreased substantially. The volume of traffic on the shoulders of the peaks (the hours before and after the peaks)
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The San Francisco-Oakland Bay Bridge is located in the heart of the San Francisco Bay Area in California and connects two of the largest cities in northern California over San Francisco Bay. In July 2010, the Bay Area Toll Authority (BATA) increased tolls on the San FranciscoOakland Bay Bridge from a flat toll collected westbound only to weekday peak and off-peak tolls. BATA also instituted a carpool toll of $2.50 (previously carpools crossed for free) payable by FasTrak electronic toll collection tag only. With floating-car data provided by BATA, the change in travel time for the I-80, I-580, and I-880 approaches was computed by payment type (cash, FasTrak, and high-occupancy vehicle access lanes) and hour. Travel times were found to have been reduced by 0 to 16 min for cash customers (varying by time of day and approach), with varying results for FasTrak customers and little change for highoccupancy vehicle customers. Data collected by BATA at the toll plaza were analyzed by hour and payment type. The analysis found that the number of vehicles in the carpool lanes was reduced by more than 20% at times, whereas FasTrak volumes remained steady or increased and cash volumes were slightly lower than before the toll switch.
Congestion pricing is a tool that has been used to reduce congestion in capacity-constrained areas throughout the world. Congestion pricing has been used in the central districts in London and Stockholm as a cordon toll. In London, the toll resulted in an 18% reduction in vehicles entering the toll zone. In Stockholm, the program exceeded its goal of reducing traffic by 10% to 15% and resulted in the reduction of traffic queues at the worst locations by at least 30% (1).
In the United States, the typical application of congestion pricing is through high-occupancy toll (HOT) lanes (1) . In many of these cases, existing high-occupancy vehicle (HOV) lanes were retrofitted to include electronic tolling equipment. The first HOT-lane conversion in the United States took place in 1996 along Interstate 15 in San Diego County, California. However, there have been other U.S. has increased as well; this finding indicates that time-of-day shifts are occurring. Sorting out the effects of the toll changes from all the other effects that have occurred is a major challenge. This study's purpose is to review and analyze the traffic and travel impacts of the toll changes in greater depth, with data from a variety of sources to document and cross-check findings and to develop explanations for observed changes. The following changes on the Bay Bridge are examined:
• Changes in volumes and delays at the toll plaza by payment type (cash, FasTrak, HOV) and time of day,
• Carpool lane volume changes, and • Changes in travel times by freeway approach, by time of day, and by vehicle type for each approach to the bridge Several considerations framed these traffic analyses. First, peakperiod traffic volumes are known to fluctuate by day and by season, so the underlying variability in traffic levels and seasonal changes was accounted for to the extent possible. Second, given that there are a number of alternative modes available in the Bay Bridge corridor (Bay Area Rapid Transit, bus, ferry, prearranged ridesharing, and casual carpooling), the toll increases may have caused some travelers to shift from automobile to these alternative modes. However, service cutbacks, reconfigurations, and fare increases may also have led some transit users to shift toward the automobile. Thus, third, an assessment of these influences is important. Fourth, traffic flow improvements due to the price effect of increasing the toll may have allowed some travelers previously deterred from peak-period travel (because of the delays) to travel during the peak. Finally, changes in population and economic activity are known to affect work and discretionary trips (i.e., shopping and recreation); these changes also affect traffic volumes.
Background on Bay Bridge
The San Francisco-Oakland Bay Bridge is located in the heart of the San Francisco Bay Area and connects two of the largest cities in northern California over San Francisco Bay via Yerba Buena Island. The Bay Bridge corridor is one of the region's most traveled with more than 288,000 vehicles and 590,000 people per day (8) .
The Bay Bridge is a two-level structure that carries 10 lanes of Interstate 80, with westbound (or San Francisco-bound) traffic using the upper deck. At the east end of the bridge, a 20-lane toll plaza collects tolls from westbound drivers (lanes are numbered from left to right). To aid in the merging of traffic from 20 lanes to 5 lanes, a set of metering lights is located approximately 0.18 mi downstream of the toll plaza. The meter is activated manually by the California Department of Transportation Traffic Operations Center in Oakland. Carpools with three or more occupants and buses may use the southern left two lanes and the northern right two lanes of the toll plaza to pay a discounted toll and to bypass the meter, which also provides major time savings since carpools avoid the large queues on the other lanes. Figure 1 shows a layout of the toll plaza approach.
Of note during the peak periods, 10 of 16 full-fare lanes are cash or FasTrak and the other 6 are FasTrak only. However, the FasTrak electronic toll collection lanes have a capacity that is 2 to 3 times greater than that of cash lanes and the capacity of open road tolling lanes is even higher (Lane 18). The remaining four lanes serve as HOV bypass lanes. During the off-peak period carpool Lanes 1 and 2 convert to cash or FasTrak and 19 and 20 convert to bus only.
impacts associated with congestion pricing
Much has been studied about possible applications of congestion pricing in the United States and the policy issues that may arise from the implementation of congestion pricing. DeCorla-Souza has extensively considered possible applications and public acceptance of congestion pricing applications (9) (10) (11) (12) . In the mid-1990s, Deakin et al. assessed congestion, emissions, energy, and equity associated with transportation pricing strategies for the four major metropolitan areas of California (13) . Ison has also written about the current applications of congestion pricing and the economics and decisionmaking processes behind those applications (14) . This study aims to quantify the impacts to traffic resulting from the implementation of congestion pricing on the San Francisco-Oakland Bay Bridge.
data and methods
Data were collected for the various tasks of the project through a multitude of sources. To analyze traffic volumes, BATA provided the primary data from its direct toll collection counts. The data were provided by hour and payment type (cash, FasTrak, HOV after the toll increase). For volume data validation purposes, researchers at the University of California, Berkeley, also assembled traffic volume data from loop detectors collected through the California Freeway Performance Measurement System. The Freeway Performance Measurement System data and BATA data were found to have discrepancies at the daily volume level of approximately 1%.
Travel time data provided by BATA came from two sources: floating-car runs conducted by BATA consultants and toll tag records. Floating cars are vehicles driven by researchers on typical routes to measure travel times of a facility. As with all research methods, sample size and survey design (from route selection, driver, and the particular day, especially in corridors with high variability) affect the analysis and results.
Floating-car data were collected in April, May, September, and November 2010. The data for the floating-car runs were broken down into which hour of the peak the car started its journey. The April and May data were then averaged together to compute an average travel time for the before period, and the September and November data were averaged together to compute an average travel time for the after period. BATA consultants used two probe vehicles in the floating-car runs to measure travel times for vehicles between prominent starting points on each of the three approaches (explained further in the analysis section) and the metering lights. The floating-car data allowed the University of California researchers to determine how the travel times were changing for each payment type by approach. Statistical tests were performed as part of this overall traffic evaluation. These tests established whether two averages were statistically different. The researchers were particularly interested to see if the average of a particular variable before the toll increasesay, bridge volumes from 8:00 a.m. to 9:00 a.m.-was significantly different from the average of that variable after the toll increase. These statistical tests are important to conduct when data that have high daily variability are used, such as the volumes and travel times of the Bay Bridge. (The t-statistic was calculated for each difference taken in the analysis. This t-statistic was then compared with critical values of the t-statistic for a given level of significance, 5% or 1%, to determine whether there was actually a change. If the absolute value of the calculated t-statistic is greater than the critical value of the t-statistic, it can be concluded that there is a statistically significant change.)
ANALYSIS Travel Times by Freeway Approach
With floating-car data provided by BATA, the change in travel time for the I-80, I-580, and I-880 approaches was computed by payment type (cash, FasTrak, and HOV access lanes) by hour and are reviewed in the following paragraphs. The I-80 travel times start from University Avenue in Berkeley, the I-580 travel times start at the Grand Avenue on-ramp in Oakland, and the I-880 travel times start at the Union Street on-ramp in Oakland. Travel times are calculated from these starting points to the overhead gantry of the metering lights after the Bay Bridge toll plaza.
For cash-paying drivers, the travel time changes are presented in Table 2 . The April to May 2010 floating-car data were compared with the February to March 2011 floating-car data. Although this procedure may cause some seasonal effects in the data, the effects should be minor since the data sets are collected during nearly the same months. Table 3 details the number of cash floating-car runs during each time period.
As seen from Table 2 , there is a statistically significant travel time savings for cash customers in the latter half of the a.m. peak and the first hour and last half of the p.m. peak. This saving could be caused by peak shifting and associated time-of-day shift where travelers change their travel to avoid paying the higher toll.
For customers using FasTrak, travel time changes are shown in Table 4 . The data for the I-80 and I-580 approaches were from the 511-electronic toll tag travel time system from April to May 2010 (511 is the information source for travel time and traffic conditions for the nine-county San Francisco Bay Area region). This was compared with the data from the floating-car runs from February to March 2011 with the same starting and ending points. For the I-880 approach, the data were produced from floating-car runs during the same time periods as the I-80 and I-580 approach. The number of sample runs for each time period is presented in Table 5 .
Although the sample size for the April-May 2010 data is 12 in Table 5 , the number of samples in each 5-minute interval is in the thousands. However, BATA aggregated the data into 5-min segments and did not provide an estimate of the sample variance; the variance of the sample was assumed to be the variance of the 5-min segments; thus, to be conservative, 12 was used as the number of samples. In the February-March 2011 time period, there was a small number of runs for the 7:00 to 8:00 a.m. hour on I-80 and I-580. This low sample size may affect the calculation of the change in travel times (presented in Table 4 ).
As shown in Table 4 , FasTrak customers appear to experience a large travel time reduction during the p.m. peak on I-80 and I-580, with less of a savings for I-880. There has been an increase in the travel times for FasTrak customers during the 7:00 to 8:00 a.m. time period for I-80 and I-580. This change may be due to more drivers switching to FasTrak (thus causing longer queues for the metering lights and causing more delay in the FasTrak lanes) or the low sample size mentioned previously. However, since the values of travel time change are statistically significant, more weight should be put on the notion that FasTrak patrons have experienced some increase in travel times.
For HOV lanes, the number of floating-car runs for each time period before and after the toll increase is presented in Table 6 . As seen in Table 7 , there have been some minor changes in travel time for HOVs. However, the HOV approaches appear to still be operating at or very near an uncongested state.
changes in Volume by payment type and time of day
Two analyses were conducted with data collected by BATA at the toll plaza by hour and payment type. The first analysis was to compare changes in volume in September 2010, just a few months after the toll increase, and to avoid the summer months, when travel pat- A sample of 5 days of traffic volume from September 2009 and September 2010 at the Bay Bridge toll plaza by hour and payment type was provided by BATA (the evening peak period only had 3 days of data, however). The data were analyzed to determine the changes, if any, in traffic volumes and whether the changes were statistically significant. As shown in Table 8 , the change in the number of vehicles in the carpool lanes played a significant role in the reduction in volume across the Bay Bridge. Also, volumes are higher during the shoulders of the peaks and lower during the first and last hours of the peak. This finding is evidence of peak spreading, which is a benefit associated with congestion pricing. Most volume gains on the shoulders of the peaks came from FasTrak customers.
A similar analysis was conducted with a sample of 8 days of traffic volume from April to May 2010 and 4 days from April to early May 2011 at the Bay Bridge toll plaza by hour and payment type provided by BATA (Table 9 ). Of note, FasTrak patrons now make up 71% of full-fare patrons. Further, in examining the BATA data by lane and payment type, the vast majority of FasTrak travelers use the FasTrak-only lanes. Again, there has been a large drop in the number of vehicles in the carpool lanes during the morning and evening peak periods, whereas FasTrak volumes have increased during many of the peak hours.
During the 4:00 a.m. hour, there has been an increase in total volume, whereas during the 5:00 a.m. hour, there has been a steep drop in volume, further demonstrating a shift in vehicles to the hour before the higher peak toll. The 10:00 a.m. hour has seen a nonstatistically significant increase in total volume; however, there has been a statistically significant increase in FasTrak volumes and decrease in cash volumes (thus leading to the nonstatistically significant result for total volume).
Total volume during the evening peak hours exhibited a reduction that was not statistically significant, but total volume in the 2:00 p.m. hour and 7:00 p.m. hour increased significantly, mainly because of FasTrak users. Again, the results from the early-morning peak shoulder and the evening peak shoulders provide evidence that peak spreading is occurring-that motorists are changing the time they travel to avoid the higher toll rate.
key Findings and discussion
This analysis reveals several key findings on bridge volumes and travel times since the July 2010 peak toll increase. Data limitations and needs are also discussed and recommendations for future analyses are provided. 19 and 20) .
Bridge Volumes
BATA volume analyses indicate that the early-morning peak shoulder and the evening peak shoulders provide evidence that peak spreading is occurring-that motorists are changing the time they travel to avoid the higher toll rate. For example, there has been an increase in total volume during the 4:00 a.m. hour when the toll is at $4, whereas there has been a steep drop in volumes during the 5:00 a.m. hour, when the toll increases to $6. Further, FasTrak volumes have increased during many of the peak hours, whereby FasTrak patrons now make up 71% of fullfare patrons. Further, in an examination of the BATA data by lane and payment type, the vast majority of FasTrak travelers use the FasTrak-only lanes.
However, there also has been a significant drop in vehicles using the carpool lanes during the morning and evening peak periods since the institution of the carpool toll and FasTrak toll tag requirement. That said, it is also important to consider that only a small share of the total peak-period bridge users were in the carpool lanes. Thus, another way to look at the numbers is that carpool lane usage went from 14% of all vehicles during the peak to 10%. As discussed in the project final report, some reasons for this drop, however, are that former HOV-lane users are now in two-person carpools (but are not picking up a third rider), some are using transit, and some have decided to travel off peak (15) . Some also are consolidating trips, and some are shopping and dining out closer to home. For those who carpooled less, a carpool was no longer an option because of personal circumstances, such as changes in housing and work locations or household composition. Some solo drivers were using the lanes in violation of the three-person carpool requirement before the FasTrak toll tag requirement, which has since made violations more difficult.
travel times
Travel times in the cash and FasTrak lanes have sharply decreased and these travelers are experiencing faster trips on average. FasTrak customers also appear to experience a large travel time reduction during the p.m. peak on I-80 and I-580, with less of a travel time savings for I-880.
However, there has been an increase in the travel times for FasTrak customers during the 7:00 to 8:00 a.m. time period for I-80 and I-580. This finding may be due to more drivers switching to FasTrak (thus causing longer queues for the metering lights and causing more delay in the FasTrak lanes).
data limitations and needs
A limitation in the analysis is that the floating-car data sources and volume data from the Metropolitan Transportation Commission consist of a small sample size, which has the effect of not tempering the variance of the data. For continued analysis of volumes and travel times, more data points need to be produced and data collection expanded, particularly with respect to volumes and travel times.
There is also a lack of freeway sensors in the Bay Bridge approaches. There are no sensors from West Grand Avenue until after the metering lights for the I-80-I-580 approach and from Maritime Street until after the metering lights for the I-880 approach. This deficiency means that traffic volumes and delays due to the queue for the metering lights and the toll plaza cannot be quantified via the Freeway Performance Measurement System database; the quantifying of these delays would be helpful in the analysis of traffic approaching the Bay Bridge and traffic through the queuing area. More sensors need to be added to the HOV bypass lanes since the current sensor network cannot correctly measure HOV volumes. A more robust and dense sensor network could aid in the expansion of data collection for volumes and travel times.
Another change to the toll structure that may affect volumes across the Bay Bridge is an increase in tolls for multiaxle vehicles, which occurred on July 1, 2011. Increasing the multiaxle toll may reduce the number of trucks on the Bay Bridge; doing so may allow for better traffic movement on the incline section of the Bay Bridge since trucks travel more slowly on steep upgrades when compared with the general traffic stream. Further analysis should be completed with regard to this potential change in vehicle mix.
In addition, FasTrak transponder-511 data pose a new challenge to transportation engineers and planners because the system does not automatically sort out high-occupancy vehicles (high-occupancy vehicles using the bridges now must use a FasTrak transponder to claim the toll discount and thus their travel is captured by the 511 system). A classification system needs to be developed to allow for the accurate representation of full-fare drivers and highoccupancy vehicle drivers. This system could be used on other freeway segments in the Bay Area to allow engineers and planners to determine travel time savings for HOV versus mixed-flow lanes on the freeways and to accurately display travel time data on the changeable message sign network. For this analysis, transponder travel time data cleaned of high-occupancy vehicles could have yielded a check on the floating-car travel time runs.
potential avenues for additional analysis
From the foregoing analysis, the following additional analysis areas are needed to improve bridge operations and further assess the impacts of the recent toll increases:
• Assess changes in multiaxle vehicle volumes and effects on bridge operations during peak and off-peak periods (the multiaxle toll increase went into effect in July 2011).
• Conduct analysis of toll plaza operations by approach to assess the number of lanes by payment type and metering light flow rates for FasTrak and cash users. This analysis also could evaluate perceived weaving reported in the media and in focus groups conducted in related work as travelers change lanes in an attempt to travel faster through the toll plaza.
• Examine traffic performance across the Bay Bridge.
acknowledgments
This research was supported by BATA and administered by Global Metropolitan Studies at the University of California, Berkeley. Additional research assistance was provided by the University of California Transportation Center. The authors appreciate the review of this paper by four anonymous reviewers.
reFerences
